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ABSTRACT

Results are reported of the second 3 months study of an
18-month program for the development of techniques for bonding
large area silicon single crystals to heat sinks. A method is
described for preparing flat and parallel surfaces for large
silicon wafers to reduce mechanical stress and to provide a known
heat path. Aluminum-germanium eutectic solder has been successfully
used tobond silicon to thick aluminum films deposited on Kovar alloy
bases, The method used is not suitable for production, however, and
a technique must be developed to eliminate effects attributed to the
presence of silicon dioxide and aluminum oxide. Instruments avail-
able for measuring thermal and mechanical properties of solder
alloys are briefly described and basic equations are generated for
thermal conduction analysis and stress analysis.

de
 ad
ps



ey

Section

1.0
2.0
2.1
2.2
2.3
2.4
2.5
2.6
2.7
3.0
4.0

TABLE OF CONTENTS
Title

INTRODUCTION

TECHNICAL DISCUSSION
Aluminum~Germanium Alloy Solder
Gold-Silicon and Gold-Germanium Solders
Bonding Surface Preparation
Thermoconductivity Determination
Mechanical Properties of Solders
Heat Conduction Analysis
Stress Analysis

CONCLUSIONS

NEW TECHNOLOGY

iv



.‘
R

0~ O Ut

LIST OF ILLUSTRATIONS
‘Title

Al-Ge Phase Diagram

Photomicrograph of Silicon Bonded to Kovar
by Al-Ge Solder (Poor Bond)

Photomicrograph of Section Through Silicon
Bonded to Kovar by Al-Ge Solder (Good Bond)
Colora Thermal Conductometer

View of Model TT Instron Tester

Elemental Volume Axial Symmetry

Heat Flux Notation

Force Balance Notation

11
12
14
14
18



1.0 INTRODUCTION

This report describes work performed during the second
3-month period of an 18-month program on the development of tech-
niques for reliably bonding large area silicon single crystals to
suitable heat sinks. The purpose is to enable bonding of silicon
single crystals greater than 10,000 square mils and approaching
2 inches in diameter to excellent heat sinks in a manner which does
not damage the silicon or alter the electrical properties of semi-
conductor devices constructed therein. The system which should not
degrade under repeated thermal shock is to be applied to the pack-
aging of large scale integrated circuit devices.

Phase one of this program is a study of the basic
properties of potential bonding materials and the development of
analytical techniques which will determine the materials and
processes to be evaluated on early large area bonding experiments.

Aluminum-germanium eutectic solder has been used to bond
silicon to aluminum films deposited over Kovar. Techniques must be
generated to eliminate the effects of (or the formation of) oxides
on the silicon and aluminum surfaces which seriously interfere with
wetting of the solder.

Samples of gold-silicon and gold-germanium eutectic
solders have been ordered to enable a determination of their
mechanical and thermal properties.

A method is described for producing flat and parallel
surfaces on large area silicon wafers to reduce mechanical stress
which may arise due to surface foughnesé and to provide a known
heat path. -



Instruments for determining the thermal and mechanical
properties of materials are briefly described,

The basic equations for analysis of thermal conduction

and stresses due to thermal expansion mismatch are developed and
are currently being programmed for machine solution.

—

2.0 TECHNICAL DISCUSSION

2.1 ALUMINUM-GERMANIUM ALLOY SOLDER

One potentially promiéing solder alloy for bonding large
area silicon wafers to stress relieving members is the near-eutectic
composition alloy of aluminum and germanium., A phase diagram of
this system as given by Hansen(l) is shown in Figure 1. As indicated,
the eutectic composition melts at 424°C and contains 30 atomic per-
cent (55 weight percent) germanium. This temperature is quite com~
patible with silicon devices and promises to possess a fair thermal
conductivity. ‘

The solid solubility curve of germanium into silicon shows
2.8 atom (7.2 weight) percent at 424°C falling off to 0.2 atomic
(0.5 weight) percent at 294°C. This alloy should therefore make an
excellent thermal and mechanical bond to aluminum at its meling point
due to this solubility,

The literature also indicates a slight solubility of
aluminum into molybdenum which would assist the bonding of that
interface. ‘

Efforts during this period were directed toward a study of
bonding silicon dice to 4-micron-thick pads of aluminum vacuum
deposited onto Kovar alloy. The silicon wafers were prepared, as

(1)Max Hansen, Constitution of Binary Alloys, Second Edition,
McGraw Hill, .New York, 1958.
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described in the previous report, by the evaporation of 1l.5-micron-
thick layers of aluminum and germanium onto the back side of the
silicon. ‘ '

As shown in the micrographlcf Figure 2, difficulties
were experienced at times in obtaining a sound joint. This is
attributed to a layer of either aluminum oxide or silicon dioxide
which interferes with the solder flow,

A micrograph of a sound joint is presented in Figure 3
which was prepared by first clamping the members together and then
mechanically moving the die over the aluminized Kovar surface while
hot to move away the interfering oxide., Although the bond appears
good by microscopic inspection, this technique will not be an
acceptable solution for production.

As stated previously, one source of the oxide which
interferes with bonding could be silicon dioxide which forms over
the freshly etched silicon prior to entering the vacuum system to
receive the aluminum and germanium layers. Between 20 and 30
angstrom units of oxide can form at room temperature in the rinsing
operation after etch and at a brief room ambient storage. Ohmic
contact and bonding to silicon may be obtained by reduction of this
thin layer of silicon dioxide by the reactive aluminum at elevated
temperatures, -

Motorola has recently determined the equation relating
the rate of penetration of aluminum into silicon dioxide as a

function of temperature to be

R = 6.0 x 107 exp -(2.448/KT)
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R

where R is the penetration rate expressed in angstrom units per

minute., At 545°C this rate is 50 angstroms per minute, at 510°C
the rate reduces to 10 angstroms per minute, while at 460°C the

rate is only 1 angstrom per minute, ‘

"It appears, then, in order to react through 30 angstroms
of silicon dioxide, the initial evaporated aluminum layer shculd be
baked within the vacuum system at 533°C for 1 minute or at 510°C
for 3 minutes prior to being cooled to near room temperature before
receiving the germanium layer. |

The oxide layer on molybdenum, tungsten or Kovar should
be removable chemically. We will explore bonding directly to the
Mo, W, or Kovar done under drj nitrogen to prevent further oxide
growth and interference at this interface. An aluminum layer on
the heat sink, however, is still a problem in that it is immediately
coated with oxide whenever exposed to air,

An aluminum electroplating technique involving a zincating
or tinning process will be explored to deposit a nonreadily oxidiz-
ing metal over chemically cleaned aluminum., In the zincating or
tinning process, aluminum surfaces are treated in a solution of
alkali and zinc or tin ions. The alkali removes any oxide layer
on the;aluminum. Immediately after the bare aluminum is exposed to
the solution, an electrolytic replacement reaction takes place where-
by the zinc or tin ion plates onto the aluminum metal forming a
protective thin layer preventing the further formation o aluminum
oxide., The zinc or tin may then be electroplated by a more refractory
metal such as copéer or nickel to which the Al-Ge braze could be made
in a protective gas ambient, '



2.2 GOLD-SILICON AND GOLD-GERMANTUM SOLDERS.

Both gold-silicon and gold-germanium eutectic solders
are commonly used for bonding semiconductor devices to headers.
The gold-germanium eutectic melts at 356°C at a composition of
27 atomic (12 weight) percent Ge while the gold-silicon eutectic
melts at 370°C and has a composition 31 atomic (6 weight) percent
silicon., There is only a slight solubility of Ge into Si, other-
wise both systems form a continuous eutectic type alloy.

Very little information has been found in the literature
on the thermal conductivities of these alloys. It is anticipated
that the germanium-gold alloy should be preferred over the silicon-
gold alloy from the viewpoint of thermal conductivity due to the
smaller volume of the non-gold phase present. The slight solid
solubility of germanium into gold, however, may offset this ’
advantage, '

Accordingly, samples of these alloys have been crdered
from the Western Gold and Platinum Company for the determination
of the thermal conductivity and the mechanical properties of these
materials. These alloys in their sheet form will be acquired to be
evaluated in solder forms. |

2.3 BONDING SURFACE PREPARATICN

Irregularities in flatness of surfaces to be bonded will
introduce mechanical stress in the parts after they are bonded, To

reduce these to a minimum and to control the wafer thickness and the

parallelism of the large surfaces of silicon wafers, effort has been
devoted to improve wafer polishing and lapping techniques.



The method for achieving flat and parallel surfaces and
for controlling wafer thickness is as follows: The silicon is
first sawed to a thickness of 17 + 0.5 mils and then etched to a
thickness of 15 + 0.5 mils to remove saw damage. .

The silicon slices are then cleaned and mounted on clean
lapping carriers which have been stress relieved prior to being
ground flat to + 0.0005 inch on a surface grinder. The wafers are
mounted by first heating the carriers and then spreading a thin
layer of wax over the flat surface. The wafers are pressed into
the molten wax and kept under pressure while the carrier cools and
the wax sets.

The wafers are then lapped a few minutes until they all
have a flattened surface after which they are removed, cleaned and
again attached to the lap with the previously flattened surfaces
adjacent to the lapping tool. Diamond stops set into the carriers
stop the lapping at a wafer thickness of 12.5 + 0.05 mils.

It is necessary to have carefully calibrated gauges and
an optical flat toc serve as an absolute reference., The lapping
machine carriers and the lapping surface must be maintained flat.
The carriers are surfaced by a Blanchard grinder while the lapping
surface is maintained flat by large metal rings which continually
circulate over the surface.

This technique has been used for preparing silicon wafers
but is also applicable for preparing tungsten or molybdenum stress

relieving members,

2.4 THERMOCONDUCTIVITY DETERMINATION

The Colora Messtecknik G.m.b.H of Germany thermal
conductometer, which was discussed in the previous report, has
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arrived and currently is in the process of being installed., A

view of this instrument is presented in Figure 4. It is capable
of determining to within 13 percent the thermal conductivity of

solder alloys and other potentially important package materials.
It should also provide a measurement of the thermal conductivity
of various interfaces bonded by solders.

2.5 MECHANICAL. PROPERTIES OF SOLDERS

An Instron Model TT Universal Testing Instrument, shown
in Figure 5, will be used to measure the mechanical properties of
candidate solder alloys. The Young's Modulus, elastic limit and
sheer modulus of these alloys can be determined over a temperature
range of -100° to +600°F through the use of an envirommental
chamber which surrounds the sample., A Custom Scientific Instrument
dilatometer is also available for determinirg the thermal expansion
coefficient of solder alloys., With this information combined with
the results of the analysis of stresses built up between two members
due to differences in expansion coefficientsit will be possible to
determine whether or not the elastic limit of the solder will be
exceeded for a given solder thickness and sample diameter.

2.6 HEAT CONDUCTION ANALYSIS

For many purposes on this study, a linear approach can be
made to the analysis of thermal flow down a cylindrical structure
from its point of generation to a sink., In the practical case,
however, where the sources of heat (dissipating junctions and
resistors) are not uniformly dispersed over the silicon, it becomes
most important to calculate the effect this has on the junction
temperature. ‘

In the First Quarterly Progress Report, an analysis of
thermal conduction for programming on a GE415 time sharing computer

10
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Figure 4,

Colora Thermal Conductometer’
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Figure 5,

View of Model TT Instron Tester
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was briefly presented. The general equation to be solved in

dimensionless form was assumed to be the Fourier heat conduction
equation, In this section, the Fourier equation is developed to
establish an improved physical understanding of it. It is based

upon the divergence of energy or an energy balance equation
(equation of continuity)

Energy accumulated = Energy generated + Energy flowing in
-~ Energy flowing out.

Assuming axial symmetry. the elemental volume is shown in

Figure 6. By inspection of Figure 7 where Q = Energy or Heat Flux
in BTU/ft” sec it is seen that

Energy in = Q. (r d® dz) +Q, (r dé dr)

BQr
(Qr +t 55 dr) (r + dr) dé dz

3Q
+ (Q, fé-—z—z—dz) r d9 dr

Energy out

- The energy accumulated in the incremental volume dV can
be expressed as:

|

Energy accumulated = dv

t

.

where E is energy expressed as BTU and t is time in seconds. Also,
the energy generated can be expressed as

Energy Generated = W dV

3

where W is expreésed as BTU/ft

13
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Substituting the above equivalents into the energy balance
equation, the following equation results:

(o7

3Q |
Eav =wav - @, +555) (r +dr) & dz

o/

-—~aQZ d de d
- (Qz +'az z) r r

+Q. r dé dz + Qz r df dr

°oQ
or 3E - - s o
ST av =W dV» Q. dr de. dz oy (r + dr) dr d° d=z
BQZ
- 'é-z—- r dr db dz

But dV = r dr d6 d=z
Dividing by dV and assuming that r + dr ~r

results in the following:

The total energy of the system referenced to some temperature
T =20 1is



where p is density in 1bs/£e2
C, is heat capacity in BTU/1b°F

T = temperature in °F,

Assuming constant o, CP and k, the energy balance becomes

2 2
3T _ . (23T L 3%T _ 3°T
pCpat k(r3r+ar2+az)+w
Dividing each side of this equation by p CP
2 2 (2)
3T k 13T 3T o T W
L= L (=& + +%%) +
dt pCP r dF arz, 3 72 oC

P

The above equation can be handled easier by writing it in a
semidimensionless form with the substitutes

t' =k t/Cp oR

r' = r/R

z' = z/R

T =T (dimension is degrees)
ﬁ' = R?W/k (dimension is degrees)

(Z)This is the same equation as presented by Benet and Myers,
Momentum, Heat, and Mass Transfer, pp 242-252, McGraw Hill,
1962, New York with the addition of the generatlon term and
less the angular term which is con31dered here to be zero.

16



Where R is the radius of the cylinder in feet. Since nothing was -
to be gained by placing temperature in a dimensionless form, this
was left in degrees. The following equation results:

| b
2%t ch S
dz'

ST _ 13T , 3°T , 3°T
-2l 432 424y
t tor dr 32
2.7 STRESS ANALYSIS

It is desirable to calculate the stress which is
generated between joined members due to the disparity between
their thermal expansion coefficients. From this knowledge, the
required mechanical properties cf solders and the desired solder
thickness can be determined which will result in a mechanically
sound system since this is essentially the sole socurce of
mechanical stress applied to the bond. 1In a previous section an
Instron Tester is described which is to be used for evaluating the
Young's modulus, sheer modulus and the elastic limit of metal and
potential solder alloys. 1In this section the basic equations for
stress analysis are derived. These currently are being prepared
for solution on a GE41l5 time sharing computer. B}

The basic equations in stress analysis are the
equilibrium equations that are derived from a force balance. The
force balance presented here is in rectangular coordinates with no
body forces. Figure 8 shows a diagram of a unit cell with the
sheer and tensile forces shown,

17
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Figure 8, Force Balance Notation
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To maintain equilibrium, the sum of the forces in each
coordinate direction must be zero., Summing the forces in the x

direction:
adx asz
TF, =0 = QJX + 55 dx) dy dz + (sz + —<5— dz) dx dy
CL ' |
+ (Tyx +-—§§— dy) dx dz - o dy dz - T__ dz dy
" Tyx dx dy
30 4 3T, 3T % .
=55 dx dy dz + 32 dx dy dz_+-—g§— dx dy d=z

dividing by the volume element dx dy dz

30 oT T
- X yX ZX _
By =5x 7 ay LY 0

kS

Summing the forces in the other two directions in a
similar manner

BTXV acy BTZX
ZFy - 8x '+ay + 3z 0
oT oT 1o}
- XZ VX z _
X, = 3x ft sy T sz =0

The above three equations must be satisfied for a force
equilibrium to be maintained.

'Equations relating strains to stresses when a
temperature step, T, is applied are given by Boresi(B) as:

(B)Boresi, Elasticity in Engineering Mechanics, Prentice Hall, Inc.,
New Jersey, 1965, page 225.

19



= L - '
€ =& [GX v(e, +0,)] + kT

y

€ =‘%-[cy =v(, +0,)] +kT

e, = % lo, = v(o, +Gy)] + kT
Yy © 2 é*v Txy
Yz = 2 é+v Txz
e < HE

Where ¢ are normal strains in x, y, z directions

e
x3 ey’ A

» 0, are normal stresses in x, y, z directions

o
Ox» z

y
E is Young's modulus
v is Poisson's ratio
k is the coefficient of thermal expansion.
The problem must first be solved in terms of displacement

rather than by strains or stresses. The first order equations for
displacement-strain relationship are(A)

(4)Ibid., p. 87.

20



where u, v and w are linear displacements in x, y, and z directions

respectively.,

It is now possible to write ‘the stresses and the

equilibrium equations in terms of displacements.
_ E o\ 3u ., @V ., dwy _ _EKT
Ox = Ty LA s tVGEy 5] - oy
' EkT
= E V) ¥ ou | dWy,
9y STy @Ry LAV 5y VG 5D - T
_ E o\ W du , dvy, _ _EKT
9z T @) @y P V) 57 tVGE ) - aemy
__E __ Av,3u
Txy T Z(1W) (ax,+'ay)
Txz ~ 2(1W) Bx 7 5z
__E__ @Aw _3v
Tyz ~ Z2(1™) (ay t 3z
The equilibrium equations become
2(1-v) 3%y +32u +52u +,52v +82w Y (azv + azw»>;_ 0 -
(1-2v) ax2 dxX3y ' B¥XdZ aX2 ax2 1-2v \oxdy 9xXdzZ
2(1¥v) ézv + Bzv +_Bzv +.a2u +_52w A azu +
(1-2v) Byz  3xX3y  dyoz 6y2 Aay2 (1-2v) axay‘
2(1-v) azw +_82w +.52w +_62u +_32V n | 29 (:azu " azv'
(1-2v) Bzz 3% Z gyaz az2 aZZ (1-2v) 3xXdy = dydz

21



The analogous stress equations in cylindrical coordinates
are given below where axial symmetry has been assumed. That is,
all deviations in the theta direction are zero and v is zero.

EKT
o = Yy L) 52 “"’( S
| E
%6 = TRy Ty [ ()7 +V(g )] (- '2")‘\)

E 3
o, = ARy LAtV & )

=B ___ S¥ ,3u
Trz ~ 2(1) Gr T 32

it
|

i
o

Ty

The quantities u and w in this case are displacements
in the r and z directions respectively while 6, r and z are the
cylindrical coordinates.

The equilibrium equations in cylindrical coordinates are:

2(1—v) 2 +‘l gg I I 1 azw azu =0
(1- 2v) r 3Y r2 (1-2v) 3taz T 3 2
2(1v) 3% , _1__lau 3% | law, 2% _,
(1-2v) az2 (1-2v) "r 3z  3rdz rar ..

These, then are the equations which must be solved and
are currently being programmed for machine solution.
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3.0 CONCLUSTIONS

The aluminum-germanium solder alloy appears capable of
providing an excellent bond between silicon and aluminum. However,
to make this system useful, techniques must be developed to prevent
interference by aluminum oxide-and silicon oxide, Methods are dis-
cussed for accomplishing this and will be evaluated during the next
report period, |

Gold-silicon and gold-germanium eutectic alloys have been
ordered for a determination of their thermal conductivities and
mechanical properties.

A method has been developed for flattening and holding to
close tolerance the degree of parallelism of the large flat surfaces
of silicon wafers. This is necessary to provide uniform heat paths
through the silicon and will reduce mechanical stress which may arise
due to surface roughness., )

A thermal conductometer which has been on order for some
time has finally arrived and awaits connection to plumbing in the
laberatory. This, coupled with an Instron testing instrument and a
dilatometer, will provide the basic information required to select
materials and geometries best suited for bonding large area silicon
crystals to heat sinks., h

The basic equations for determining the thermal conductivity
and therefore temperature rises in layered elements with discrete
power dissipating regions are developed to provide an improved under-
standing of the assumptions made and the terms involved.

The basic equations for stress analysis are also developed.
These are currently being programmed for machine solution.
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4.0 'NEW TECHNOLOGY

No reportable items of new technology have been developed

under this contract.
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